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this  report  analyzes  Soviet  research  on  toe 
transport  at  intense  relativistic  electron 
beajns  (lasa)  through  low-pressure  air  and 
other  gases  without  ezternal  magnetic 
fields,  it  reviews  research  rejected  in 
open-source  technical  publications  from 
seven  Soviet  research  institutes,  these 
research  papers  indicate  that  Soviet 
interest  m  long-distance  iREb  transmit  at 
low  gas  pressure  has  endured  from  1*79  . to 
the  present. 
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PREFACE 


This  report  was  prepared  in  the  course  of  a  continuing  Rand  study 
of  Soviet  research  and  development  of  high-current,  high-energy, 
charged  particle  beams  and  their  scientific  and  technological  applica¬ 
tions.  The  work  was  sponsored  by  the  Defense  Advanced  Research 
Projects  Agency,  Office  of  the  Secretary  of  Defense  (OSD),  under 
Rand’s  OSD-supported  Federally  Funded  Research  and  Development 
Center.  It  was  carried  out  for  the  National  Security  Research  Division 
in  the  Applied  Science  and  Technology  Program. 

The  report  examines  recent  Soviet  research  on  the  propagation  of 
intense  relativistic  electron  beams  through  low-pressure  air  and  gases, 
(10-6  Torr  <  P  <  10"  3  Torr),  as  reported  in  Soviet  open-source  techni¬ 
cal  publications.  A  follow-on  report  will  discuss  Soviet  research  on  the 
propagation  of  intense  relativistic  electron  beams  through  higher- 
pressure  air  and  gases  (  P  >  10 ~  2  Torr  ). 

The  present  report  should  be  of  interest  to  specialists  in  pulsed- 
power  and  high-current,  charged  particle  beam  research. 


SUMMARY 


Soviet  research  on  the  propagation  of  intense  relativistic  electron 
beams  (IREB)  through  air  and  gases  has  demonstrated  the  existence  of 
several  pressure  ranges  for  possible  efficient  IREB  propagation.  The 
Soviets  have  recently  paid  specific  attention  to  the  low-pressure  range 
from  10  ~6  to  10  3  Torr.  Based  on  Soviet  open-source  technical  litera¬ 
ture  published  over  the  past  fifteen  years,  the  present  report  analyzes 
Soviet  research  on  IREB  propagation  through  this  low-pressure  range 
for  air  and  other  gases.  IREB  propagation  in  the  pressure  range  from 
10“2  Torr  to  atmospheric  will  be  considered  in  a  follow-on  Rand 
report. 

The  Soviet  research  has  been  carried  out  by  at  least  seven  research 
institutes  from  the  end  of  the  1970s  to  the  present,  with  most  of  it  cen¬ 
tered  at  the  All-Union  Electrical  Engineering  Institute  (VEI)  in  Mos¬ 
cow.  A  significant  part  of  the  research  concerns  IREB  propagation 
through  the  ionosphere  and  is  performed  by  the  Leningrad  State 
University  (LGU). 

Soviet  theoretical  analysis  concentrated  on  the  formation  of  a 
quasi-equilibrium  beam  and  the  derivation  of  an  expression  for  its 
propagation  through  low-pressure  gas,  taking  into  account  space-charge 
forces,  self-focusing  of  the  beam,  and  the  effect  of  the  beam’s  own  mag¬ 
netic  field  on  its  focusing  properties.  The  analysis  involved  the  deter¬ 
mination  of  equilibrium -beam  formation  time,  relaxation  length,  den¬ 
sity  distribution  of  plasma  formed  by  the  passage  of  the  beam,  and  the 
effects  of  beam  parameters  upon  this  background  plasma. 

Experimental  investigation  of  the  quasi-equilibrium  beam  demon¬ 
strated  that  it  has  a  Bennett  profile,  determined  the  beam  formation 
time,  and  showed  that  formation  time  decreases  with  increasing  pres¬ 
sure  and  propagation  length.  For  a  300  keV,  100  A  beam,  transverse 
beam  temperature  was  found  to  be  0.5  keV  near  the  beam  focus,  and  2 
keV  downstream  of  the  focus.  No  dependence  of  beam  front  velocity 
upon  propagation  length  had  been  observed. 

The  high  transverse  beam  temperature  was  attributed  to  collective 
processes  involved  in  beam  interaction  with  background  gas.  The  high 
temperature  was,  in  turn,  thought  to  cause  the  observed  low-frequency 
oscillations  of  beam  current  density.  The  amplitude  of  these  oscilla¬ 
tions  was  found  to  increase  in  the  direction  of  beam  propagation;  the 
rate  of  increase  was  determined  by  the  concentration  of  beam-produced 
plasma.  Soviet  researchers  concluded  that  the  beam  spreads  by 
scattering  produced  by  the  field  of  the  transversely  oscillating  gas  ions. 


The  final  conclusion  was  that  beam-spreading  can  be  prevented  by 
controlling  plasma  density. 

A  significant  research  project  has  been  under  way  at  LGU,  where 
Soviet  researchers  have  been  studying  IREB  transport  at  high  alti¬ 
tudes,  taking  into  account  the  effect  of  polarized  ionospheric  plasma, 
the  electron  concentration,  and  the  earth’s  magnetic  field  at  various 
altitudes  for  both  day  and  night  atmospheres.  LGU  calculated  that  an 
IREB  can  propagate  with  beam  currents  greater  than  1  MA  for  elec¬ 
tron  beam  energies  greater  than  22  MeV,  in  the  area  of  maximum  elec¬ 
tron  concentration  in  the  ionosphere.  LGU  also  demonstrated  that 
when  the  IREB  is  injected  parallel  to  the  earth’s  magnetic  field,  the 
magnetic  field  can  play  an  important  part  in  stabilizing  the  beam  when 
the  electron  concentration  drops  (as  during  the  night).  The  maximum 
beam  current  density  was  shown  to  depend  only  upon  the  local  max¬ 
imum  value  of  electron  concentration.  The  limit  of  beam  propagation 
distance  has  been  determined  to  be  from  1.5  km  to  11  km,  depending 
upon  pitch  angle  of  injection  and  geomagnetic  latitude  for  a  2  MeV,  1 
meter  radius  beam  at  a  300  km  altitude. 

Four  Soviet  research  institutes  have  independently  demonstrated 
that  the  use  of  an  insulated  channel  increases  IREB  transport  dramati¬ 
cally.  This  conclusion  was  based  on  measurements  of  the  energy  and 
current  of  ions  trapped  in  the  IREB,  the  beam  pulse  delay  time,  ero¬ 
sion  of  the  beam  pulse  leading  front,  and  the  dependence  of  channel 
length  upon  beam  divergence;  IREB  propagation  was  found  to  be 
independent  of  the  insulator  material. 

The  Soviet  emphasis  on  effective  IREB  propagation  through  low- 
pressure  air  may  be  significant.  The  low-pressure  range  coincides  with 
that  encountered  in  the  upper  atmosphere  and  therefore  may  relate  to 
tests  and  long-distance  IREB  transport  analysis  for  military  and  space 
applications. 
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I.  INTRODUCTION 


This  report  analyzes  Soviet  research  on  the  transport  of  intense 
relativistic  electron  beams  (IREB)  through  low-pressure  air  and  other 
gases  (in  the  pressure  range  of  10  5  to  10  6  Torr)  without  external 
magnetic  fields.  In  the  absence  of  external  magnetic  fields,  effective 
transport  of  such  beams  can  be  accomplished  only  by  space-charge 
neutralization  that  is  possible  at  pressures  greater  than  10  6  Torr. 
Beam  neutralization  then  takes  place  through  gas  ionization  and  the 
accumulation  of  positive  ions  within  the  electron  beam.  Another 
important  factor  is  the  electron  beam’s  own  magnetic  field,  which  con¬ 
tributes  to  the  compression  (or  self-focusing)  of  the  beam  in  contrast  to 
the  beam’s  spreading  due  to  electrostatic  repulsion  forces  of  the  beam 
electrons. 

These  considerations  were  the  basis  of  research  performed  by  at 
least  seven  Soviet  research  institutes  from  the  end  of  the  1970s  to  the 
present:  All-Union  Electrical  Engineering  Institute,  Moscow  (VEI); 
Nuclear  Physics  Research  Institute  of  the  Tomsk  Polytechnical  Insti¬ 
tute  (IYaF-TPI);  Leningrad  State  University  (LGU);  Physics  Institute, 
Kiev  (IFAN);  Lebedev  Physics  Institute,  Moscow  (FIAN);  Physics  of 
Condensed  Matter  Research  Institute,  Yerevan  State  University 
(YeGU);  and  Joint  Institute  of  Nuclear  Research,  Dubna  (OIYal). 
Most  of  this  research  has  been  performed  by  a  team  of  at  least  17 
authors  associated  with  VEI. 

The  VEI  research  team  breaks  down  into  three  groups.  Group  A 
has  published  theoretical  papers  on  long-distance  IREB  transport  and 
IREB  relaxation  to  an  equilibrium  beam  state.  At  least  seven  papers 
were  published  on  this  subject  from  1981  to  1984.  One  of  these  papers 
considers  theoretically  the  propagation  of  a  2  kA,  10  GW  (5  MeV) 
IREB  for  a  distance  of  1000  km.  The  paper  concludes  that  the  beam 
radius  increase  could  be  kept  down  to  10  percent.  The  optimum  pres¬ 
sure  for  this  case  was  determined  to  be  8  x  10  5  Torr. 

Group  B  published  five  experimental  papers  on  the  transport  of  a 
300  keV  IREB  through  low-pressure  air.  The  group  stipulated  a  dis¬ 
tance  of  10  meters,  beam  currents  of  about  100  A,  and  100  pulse 
lengths.  The  experiments  were  made  with  1975  equipment  used  by  K. 
V.  Khodatayev,  one  of  the  leading  Soviet  researchers  on  IREB  propa¬ 
gation  in  air.  Research  was  concentrated  on  transient  processes  of 
IREB  transport,  leading  to  the  formation  of  a  quasi -equilibrium  IREB 
structure  propagating  in  a  path  free  from  external  magnetic  fields. 
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Measurements  were  made  of  the  IREB  wavefront  velocities,  IREB 
energy  spectra,  lateral  electron  temperatures,  low-frequency-beam 
current  density  oscillations  formed  after  the  first  beam  focus,  and 
IREB  dispersion  velocities. 

Group  C  published  many  theoretical  papers  on  IREB  transport  in 
background  gas  with  space-charge  neutralization,  radial  IREB  oscilla¬ 
tions,  return -current  considerations,  IREB’s  own  B  field  compression, 
quasi-Bennett  beam  stability,  etc. 

The  IYaF-TPI  research  is  represented  by  four  experimental  papers 
on  IREB  transport  of  ns  and  ns  pulsed  beams  through  low-pressure 
gas,  including  space-charge  neutralization  and  the  beam’s  own  mag¬ 
netic  field.  The  investigators  have  looked  at  the  time  necessary  for  the 
accumulation  of  ions  by  the  beam  by  varying  the  background  pressure 
and  by  using  insulated  wall  beam-transport  channels.  Electron  beams 
of  250  keV,  10  kA,  2  ^s,  and  1.5  MeV,  30  kA,  50  ns  have  been  used. 

LGU  research  has  published  at  least  six  papers  dealing  with  theoret¬ 
ical  analysis  of  IREB  transport  at  high  altitudes  above  the  earth  (100 
km  and  above).  These  calculations  took  into  account  the  beam’s  sta¬ 
bilization  by  the  polarized  ionospheric  plasma,  the  ionosphere’s  elec¬ 
tron  concentration,  and  the  earth’s  magnetic  field  for  various  altitudes 
for  day  and  night  atmospheres,  and  space-charge  neutralization  of  the 
beam  by  plasma  ions. 

IF  AN  has  published  at  least  10  experimental  papers  covering  space- 
charge  neutralization  of  electron  beams  transported  through  gas,  self- 
focusing  of  neutralized  IREB,  the  excitation  of  ion  oscillations  by  the 
passage  of  IREB  through  gas,  and  the  interaction  of  a  density- 
modulated  IREB  with  plasma,  where  nonlinear,  quasi-equilibrium 
waves  are  formed.  These  experiments  were  performed  with  low-beam 
currents  (up  to  250  mA)  and  energies  up  to  20  keV  in  the  background 
pressure  range  from  10  5  to  10“3  Torr. 

The  other  three  institutes  produced  a  few  papers  on  the  use  of  insu¬ 
lated  channels  to  help  transport  IREB  at  low  pressures.  OIYal  exper¬ 
imentally  investigated  IREB  transport  through  a  plasma  channel  set 
up  inside  an  insulated  metal  pipe  at  a  pressure  of  about  10~5  Torr. 
The  wall  plasma  inside  the  channel  was  reported  to  be  very  homoge¬ 
neous,  stable,  and  controllable  in  the  pressure  range  from  10“ 2  to  10  5 
Torr,  independently  of  the  electron  beam  being  transported.  FIAN  and 
YeGU  considered  IREB  transport  through  insulated  channels  and  the 
effect  of  these  channels  upon  the  beam  parameters.  Beam  transport 
even  through  bent  channels  has  recently  been  shown  to  be  possible. 

The  above  research  papers  indicate  an  enduring  (from  1979  to  the 
present)  Soviet  interest  in  long-distance  IREB  transport  at  low  gas 
pressure. 


II.  IREB  PROPAGATION  THROUGH 
RAREFIED  GAS 


VEI  RESEARCH 

VEI  Theoretical  Research 

VEI  theoretical  analysis  of  IREB  transport  through  low-pressure  air 
and  gases  postulates  quasi-equilibrium  IREB  and  takes  into  account 
the  beam’s  own  magnetic  field. 

Criteria  were  established  on  the  beam’s  magnetic  limitations  and  the 
propagation  length  over  which  the  beam  can  still  be  considered  to  have 
a  quasi-Bennett  distribution.  Soviet  researchers  stressed  the  impor¬ 
tance  of  the  beam’s  self-fields  for  the  transferring  of  energy  at  great 
distances.  In  1981,  VEI  computed  the  optimum  background  pressure 
for  a  10  GW,  2  kA  electron  beam  propagating  to  a  distance  of  1000  km. 
Limitations  on  the  divergence  of  the  beam  were  imposed  by  allowing 
the  beam  radius  to  increase  only  by  10  percent  over  that  distance.  The 
avowed  application  for  this  calculation  was  stated  to  be  the  develop¬ 
ment  of  new  means  of  energy  transmission  at  great  distances.  The 
optimum  background  pressure  was  found  to  be  P  =  8  x  10  5  Torr  [1], 

In  the  same  year,  VEI  investigated  the  density  distribution  of 
plasma  formed  by  an  electron  beam,  with  energies  from  100  keV  to  1 
MeV  and  beam  currents  greater  than  1  A,  passing  through  an  infinite 
transport  pipe  filled  with  neutral  gas  with  pressures  ranging  from  1  to 
10' 5  Torr.  Plasma  concentration  as  a  function  of  beam  current  and 
gas  pressure,  and  plasma  density  distribution  as  a  function  of  beam 
radius,  were  determined  theoretically.  Individual  regions  of  IREB 
transport  have  been  mapped  out  as  a  function  of  beam  current  and  gas 
density  [2J. 

The  collisionless  relaxation  of  a  cold  electron  beam  was  investigated 
theoretically  and  with  numerical  analysis  at  VEI  in  1982  in  Ref.  3. 
This  beam  relaxation  means  the  transformation  of  the  electron  beam 
to  a  quasi-equilibrium  state.  It  had  been  postulated  by  B.  V.  Chirikov 
et  al.  [4]  back  in  1971  that  an  IREB  having  an  inhomogeneous  density 
profile  is  a  classic  example  of  a  medium  made  up  of  particles  oscillating 
to  a  nonlinear  dependence,  having  a  wide  spectrum  of  betatron  oscilla¬ 
tions,  and  that  this  medium  as  a  result  of  intensive  mixing  strives 
asymptotically  to  obtain  an  equilibrium  distribution. 
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In  Ref.  3,  VEI  investigated  a  particle  system  with  an  inhomogeneous 
density  profile  and  zero  emittance.  For  this  case  the  phase  diagram  at 
the  initial  time  appears  as  a  straight  line.  With  passing  time  the  line 
in  the  phase  diagram  takes  on  a  wavy  character  and  then  turns  it  into 
a  spiral  due  to  the  non-isochronism  of  the  different  particle  betatron 
oscillations,  as  first  shown  by  K.  V.  Khodatayev  in  1973  in  Ref.  5  and 
represented  in  Fig.  1.  As  a  final  result,  the  spiral  fills  the  phase 
diagram  completely  while  the  diagram’s  area  tends  asymptotically  to 
reach  a  constant  value. 

The  study  of  the  beam  relaxation  was  made  with  the  assumption  of 
a  cold,  space-charge-neutralized  beam  having  zero  initial  temperature, 
zero  emittance,  and  cylindrical  geometry.  The  initial  electron  velocity 
and  angular  distributions  were  neglected,  and  ions  were  considered  to 
be  nonmovable.  It  was  assumed  that  at  x  =  0  the  electron  space  distri¬ 
bution  has  a  Gaussian  distribution  with  radius  a0  =  ag  that  was  cut  off 
at  a  radius  of  2ag.  The  basic  difference  between  a  Bennett  distribution 
and  the  case  looked  at  in  Ref.  3  is  that  the  equilibrium  Bennett  distri¬ 
bution  fulfills  the  condition  of  the  local  magnetohydrodynamic  equilib¬ 
rium  between  the  forces  of  magnetic  compression  and  temperature¬ 
spreading  of  the  electron  beam  (as  shown  in  Ref.  1),  whereas  in  the 
case  of  Ref.  3  the  equilibrium  is  obtained  dynamically  for  each  electron 
separately  (as  shown  in  Ref.  6). 

The  results  of  the  calculations  made  in  Ref.  3  are  presented  in  Fig. 
2,  which  shows  the  electron  trajectories  in  the  area  of  the  first  focus. 
Figure  3  shows  the  dependence  of  the  beam  envelope  r0.s  determining 
the  relation  I(r0.5)/Ib  =  0.5  as  a  function  of  z.  Figure  4  depicts  the 
change  in  the  radial  distribution  of  the  current  density  j(r)  in  the  beam 
relaxation  process  into  the  equilibrium  state. 

It  is  seen  that,  after  one  well-defined  focus,  the  beam  relaxes  to  a 
quasi-equilibrium  state  that  is  characterized  by  a  strong  mixing  of  the 


Fig.  1— Change  in  the  phase  diagram  of  a  cold  electron  beam  in  a 
collisionless  relaxation  process  [3] 
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Fig.  2 — Electron  trajectories  in  the  proximity  of  the  first  focus  [3] 


Fig.  3— Beam  envelope  r0.s  determining  the  relation  I(ro.5)/Ib  -  0.5  as  a 
function  of  z  for  i  -  0.034  and  i  -  0.0034  [3];  (i  is  the  layer 
number  used  in  the  numerical  calculations) 
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Fig.  4 — Current  density  radial  distribution  [3] 


beam  trajectories,  smooth  distribution  of  the  current  density,  and  the 
characteristic  transverse  beam  size  of  radius  a  -  0.4ag  (with  ag 
representing  the  Gaussian  equilibrium  radius).  The  relation  of  a/ag 
does  not  depend  upon  the  beam  current  but  is  determined  only  by  the 
initial  and  final  electron  distribution. 

The  numerical  calculations  were  made  by  breaking  up  the  beam  into 
100  concentric  layers,  the  movement  of  each  of  which  was  determined 
by  Eq.  (1),  in  cylindrical  coordinates,  as  derived  in  Ref.  3  with  initial 


conditions  p\  =  p.  ,  p!  =  0,  where  i  is  the  layer  number. 

/  O  O 

o;  ,  (1  +  P'2)3'2 

p  =  -2  i  <p(p,  x)  -  (1) 

P 


where  p  -  r/ao, 

x  =  z/a.3,  and 

<p(p,  x)  =  the  value  of  beam  current  flowing  inside  the  cylindri¬ 
cal  contour  (of  radius  p  )  with  a  fixed  x.  (The  value 
a0  does  not  enter  the  dimensionless  Eq.  (1),  and  this 
is  why  the  calculations  do  not  show  a  dependence 
upon  current  density.) 


It  is  also  seen  (in  Fig.  3)  that  a/ag  does  not  depend  upon  the  layer 
number  parameter  i  for  a  large  change  in  i. 

In  the  process  of  the  beam  transformation  to  the  equilibrium  state 
in  the  distribution  of  the  current  density,  additional  maxima  appear,  as 


seen  in  Fig.  4.  Unfortunately,  the  Soviet  researchers  were  not  able  to 
investigate  the  structure  of  the  j(p)  maxima  near  zero,  because  of  the 
limited  number  of  current  cylinders  they  used  in  the  calculation.  How¬ 
ever,  it  is  clear  the  j(p)  — *  *  with  p  — ►  0.  The  comparison  of  the  calcu¬ 
lated  distribution  of  j(p)  and  the  dependence  obtained  from  the  numer¬ 
ical  calculations  are  presented  in  Fig.  5  [3], 

The  length  of  beam  relaxation  depends  to  a  great  extent  upon  the 
nature  of  the  initial  beam  density  distribution.  Its  value  is  smaller 
with  an  inhomogeneous  initial  distribution  and  is  maximum  for  an  ini¬ 
tially  homogeneous  beam.  In  the  latter  case,  however,  at  the  start  of 
the  coordinates  all  the  electrons  have  the  same  betatron  oscillation  fre¬ 
quency  a ij,  but  after  passing  the  point  of  focus  the  beam  does  not 
remain  homogeneous,  which  leads  to  the  dependence  of  upon  the 


Fig.  5— Comparison  of  the  j(p)  distribution  normalized  to  the  initial 
current  density  j0  =  Ib/]rll|a  with  the  initial  characteristic  radius 
ag  (curve  1)  to  the  dependence  obtained  by  the  numerical 
calculations  (curve  2)  [3] 
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beam  radius.  For  example,  with  an  envelope  structure  as  given  in  Ref. 
7,  the  beam,  after  traversing  4  to  5  focusing  lengths,  begins  to  spread. 
However,  the  researchers  have  observed  a  strongly  accentuated  ten¬ 
dency  to  the  smoothing  of  the  radial  density  distribution,  which  shows 
a  gradual  striving  of  the  beam  to  reach  the  equilibrium  state.  With  an 
increase  in  i,  the  relaxation  length  was  observed  to  decrease  (as  can  be 
seen  in  Fig.  3). 

The  beam  parameters  at  the  output  of  an  accelerator  must  be 
matched  to  the  equilibrium  values  in  effective  beam  radius  as  well  as  in 
electron  distribution  in  both  velocities  and  coordinates.  These  condi¬ 
tions,  however,  are  hard  to  achieve  completely.  The  example  as  shown 
above  in  Ref.  3  does,  however,  show  the  possibility  of  the  beam  relaxa¬ 
tion  obtaining  an  equilibrium  state  even  in  the  case  of  incomplete 
matching  of  the  beam  parameters.  The  results  apply  to  a  cold  electron 
beam,  but  they  can  also  be  easily  generalized  for  the  case  where  the 
electron  temperature  T  is  considerably  lower  than  the  equilibrium  Ben¬ 
nett  temperature  T  «  Tb  =  0.5  -y0/32  c2  mi.  As  mentioned  by  re¬ 
searchers  in  Ref.  3,  the  problem  of  a  collisionless  relaxation  of  a  “hot” 
beam  with  T  S  Tb  has  to  be  considered  separately. 

Additional  work  in  1981  was  carried  out  at  VEI  [8]  on  the  compres¬ 
sion  of  a  space-charge-neutralized  REB  by  an  external  solenoidal  mag¬ 
netic  field,  taking  into  account  the  beam’s  own  magnetic  field.  For  the 
case  of  intense  REB,  it  was  demonstrated  that  magnetic  field  compres¬ 
sion  has  a  weak  effect  upon  the  beam  and  can  be  used  only  in  the  case 
of  a  beam  whose  radius  at  the  output  of  the  accelerator  is  equal  to  the 
radius  of  the  beam  at  the  output  of  the  solenoid. 

VEI  Experimental  Research 

Researchers  at  the  VEI  Institute  performed  experiments  in  1981  [9] 
and  1983  [10]  on  REB  transport  in  low-pressure  background  gas. 
These  experiments  were  performed  using  the  1975  apparatus  of  Khoda- 
tayev  as  described  in  Ref  11.  These  studies  concentrated  on  the  tran¬ 
sient  processes  leading  to  the  formation  of  a  quasi -equilibrium  struc¬ 
ture  of  the  electron  beam  in  a  propagation  path  free  from  external 
magnetic  or  electromagnetic  fields.  Measurements  were  made  on  the 
beam-formation  time  for  the  quasi-equilibrium  state  [11],  the  velocity 
of  the  wave  front  propagation  [9],  and  the  beam  energy  spectra  [12], 
The  most  recent  study  from  this  research  team  [10]  examined  the 
physical  processes  that  determine  the  formation  of  the  quasi¬ 
equilibrium  structure  of  the  neutralized  electron  beam  for  long-distance 
propagation. 
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The  experiments  were  carried  out  using  a  300  keV  injector  with  a 
beam  current  of  100  A,  100  ns  pulse  length,  and  a  beam  diameter  of  5 
cm.  The  beam  drift  tube  was  10  m  in  length  and  50  cm  in  diameter, 
with  a  magnetic  field  shield  and  beam  diagnostics  that  allowed  mea¬ 
surement  of  beam  propagation,  the  distribution  of  the  current  density, 
the  radial  and  longitudinal  energy  spectra,  beam  position,  and  an  opti¬ 
cally  visual  beam  cross-section.  The  distribution  of  the  beam  current 
density  at  distances  greater  than  50  cm  were  measured  with  a  graphite 
collector  composed  of  plates  2  cm  wide  (11). 

The  average  beam  structure  as  a  function  of  propagation  length  is 
shown  in  Fig.  6  [10]  for  observation  times  greater  than  the  transition 
time  to  obtain  the  quasi-equilibrium  state  of  the  beam. 

A  typical  oscilloscope  trace  of  the  beam  collector  currents  is  shown 
in  Fig.  7  at  a  background  pressure  of  5  x  10  5  Torr,  300  keV,  70  A,  at 
a  distance  of  L  =  250  cm.  Curve  (1)  represents  the  beam  current  col¬ 
lected  at  the  center  of  the  beam,  while  curve  (2)  represents  the  beam 
current  collected  4  cm  from  the  beam  center.  The  corresponding 
increases  and  decreases  of  the  beam  currents  in  curves  (1)  and  (2)  at 
the  beginning  of  the  pulse  characterize  the  process  of  establishing  the 
quasi-stationary  state  of  the  beam. 

The  size  of  the  beam  at  the  injector  anode  was  determined  by  the 
imprint  on  the  anode  screen.  The  beam  shapes  at  the  point  of  focus 
were  determined  by  using  a  slit  collector  with  slits  0.2  cm  wide. 
Beyond  the  point  of  focus,  the  beam  was  found  to  slowly  expand,  which 
is  also  seen  by  the  slow  decrease  in  the  profile  of  beam  amplitude.  The 
average  beam  profile  agrees  with  that  of  Bennett  distribution,  as  shown 
in  the  insert  of  Fig.  6,  where  the  calculated  Bennett  profile  is  shown  by 
the  solid  line  and  the  experimental  data  (the  crosses)  were  obtained  by 
using  the  collector  at  L  =  350  cm  (10). 

The  transverse  beam  temperature  was  measured  using  collimated 
luminous  targets,  as  used  in  Ref.  11  for  analyzing  the  beam  structure. 
At  distances  close  to  the  focus  point  (L  '  50  to  70  cm),  the  transverse 
temperature  was  found  to  be  about  0.5  keV,  and  at  L  =  350  cm  it  was 
about  2.0  keV.  The  beam  diameter  in  the  vicinity  of  focus  was  less 
than  0.4  cm.  At  long  distances,  however,  there  was  no  sign  of  any 
periodic  structures  correlating  to  betatron  lengths  caused  by  the  beam’s 
own  magnetic  field. 

The  reason  for  such  high  transverse  temperatures  was  explained  to 
be  the  existence  of  collective  processes  during  the  interaction  of  the 
beam  with  the  background  plasma.  These  processes  lead  to  the  forma¬ 
tion  of  waves  having  low-frequency  beam  current  density  oscillations, 
whose  character  can  be  se^n  by  the  current  scans  on  the  central  and 
outer  collectors,  as  shown  in  Fig.  7.  The  average  oscillation  frequency 
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Fig.  7 — Oscilloscope  trace  of  the  beam  current  on  the  (1)  central  and 
(2)  outer  collector  plates  [10] 


has  been  observed  to  increase  with  increasing  background  pressure  and 
beam  current,  as  illustrated  in  Fig.  8  [10}. 

Figure  9  shows  the  increase  of  the  relative  oscillation  amplitude  as  a 
function  of  length  along  the  beam  for  several  pressures.  Here  Iav 
represents  the  average  oscillation  current  as  shown  in  Fig.  7. 

This  dependence  corresponds  to  the  oscillations  along  the  beam  axis 
which  appear  in  the  vicinity  of  the  electron  beam  focus.  At  a  distance 


f.  Hz 


Fig.  8 — Dependence  of  the  average  oscillation  frequency  as  a  function 
of  pressure  for  different  beam  currents  [10]:  curve  (1),  I|,  =  50  to  70  A; 
curve  (2)  Ih  =  30  to  50  A 


Fig.  9— Relative  oscillation  amplitude  as  a  function  of  length  along  the 
beam  for  several  different  pressures  [10]; 
o  i  p  *  10‘4  Torr 
•  :  p  =  5  x  10~5  Torr 
+  :  p  =  10“  5  Torr 


of  L  -  350  cm,  a  saturation  of  the  oscillation  amplitude  was  seen,  due 
to  the  beam  diameter  reaching  the  diameter  of  the  drift  tube,  thus 
leading  to  beam  loss  to  the  tube  walls. 

As  observed  in  Fig.  7,  the  low-frequency  oscillations  appear  after  a 
certain  time  tj,  which  has  been  seen  to  decrease  with  an  increase  in 
pressure  and  propagation  length.  This  phenomenon  is  illustrated  in 
Fig.  10  by  the  plot  of  1/ti  as  a  function  of  beam  length  for  several  pres¬ 
sures. 

At  a  beam  current  value  of  70  A,  the  depth  of  the  ambipolar  poten¬ 
tial  well  was  determined  to  be  about  40  V,  as  shown  in  Ref.  11.  For 
this  case  the  plasma  density  was  estimated  to  be  about  2  x  109cm“3 
for  p  *  5  x  10“5  Torr  and  Ib  =  70  A,  n0  -  2  x  1012  cm'3.  The  excita¬ 
tion  frequency,  corresponding  to  the  maximum  values,  was  found  to  be 
0.1  to  0.5  times  the  ion  plasma  frequency  with  a  change  in  pressure 
from  10“ 5  to  10“ 4  Torr,  which  agrees  well  with  the  experimental  obser¬ 
vations  as  shown  in  Fig.  8.  It  was  proposed  by  the  VEI  researchers 
that  the  observed  oscillations  of  the  beam  current  density  are  caused 
by  the  transverse  movement  of  the  background  gas  ions  leading  iO  the 
increase  of  the  transverse  beam  temperature  and,  thus,  to  the  increase 
in  beam  size.  The  oscillations  appeared  only  after  the  formation  of  the 
first  focus  in  the  beam.  This  same  conclusion  was  arrived  at  in  1974 
by  researchers  from  IFAN,  where  the  nature  of  these  beam  oscillations 
has  also  been  experimentally  investigated  [13].  (See  the  end  of  Sec.  II 
for  more  details  on  this  research.) 
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Fig.  10 — Dependence  of  the  inverse  of  the  formation  time  (tj )  of 
oscillations  as  a  function  beam  propagation  length  for 
different  pressures  [10]; 

:  p  =  10'4  Torr 
•  :  p  =  5  x  10  5  Torr 
+  :  p  =  10  3  Torr 


It  can  be  observed  in  Fig.  9  that  the  low-frequency  oscillation  ampli¬ 
tudes  begin  to  increase  at  a  certain  beam  propagation  length  L^.  It  is 
in  proximity  of  this  length  L^.  that  it  is  the  easiest  to  create  the  condi¬ 
tions  to  excite  waves  in  the  plasma  that  can  effectively  interact  with 
the  electrons  of  the  beam  [10]. 

It  was  recently  concluded  in  Ref.  10  that  it  is  quite  hard  to  effec¬ 
tively  transport  a  neutralized,  self-focused  electron  beam  over  large  dis¬ 
tances  through  field  free  space,  mostly  because  of  the  spatial  increase 
of  the  transverse  beam  energy.  In  this  case  the  mechanism  involved  in 
spreading  the  beam  was  identified  with  scattering,  where  the  role  of  the 
scattering  centers  is  assumed  not  by  the  particles,  but  by  the  field  of 
the  transverse  oscillating  ions  whose  amplitude,  due  to  the  resonance 
interaction  mechanism,  increases  in  the  direction  of  beam  propagation. 
The  rate  of  amplitude  increase  is  determined  by  the  plasma  concentra¬ 
tion  produced  by  the  electron  beam.  Because  of  this  fact,  the  VEI 
researchers  state  that  if  one  cannot  regulate  the  plasma  density  one 
cannot  exclude  the  beam  spreading  during  beam  transport  [10]. 

The  characteristic  electron  beam  propagation  velocities  were  mea¬ 
sured  in  1978  in  Ref.  9  using  a  300  keV,  100  A  beam  through  back¬ 
ground  air  pressures  of  10  3  to  10  6  Torr.  The  experiments  were 
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carried  out  using  the  old  apparatus  of  1975,  as  described  in  Ref.  11. 
The  initial  electron  beam  diameter  was  5  cm,  while  the  diameter  and 
length  of  the  drift  tube  were  50  cm  and  10  meters,  respectively.  The 
velocity  and  length  of  the  REB  compensating  front  have  been  mea¬ 
sured  and  theoretical  expressions  have  been  determined.  The  velocities 
of  the  beam  along  the  surface  of  the  drift  tube  were  measured  using 
probes  located  in  the  tube  walls.  The  velocities  of  the  compressed 
beam  were  determined  by  a  graphite  collector  located  at  different  dis¬ 
tances  from  the  point  of  injection,  using  the  moment  of  coincidence  of 
the  full  injector  beam  current  and  the  collector  currents.  The  beam 
profile  at  different  moments  in  time  was  determined  by  using  a  sec- 
tionalized  graphite  collector  placed  at  different  distances  along  the  axis. 
The  beam  cross-section  intensity  was  monitored  by  looking  at  the 
intensity  of  the  glow  caused  by  the  beam  interacting  with  the  back¬ 
ground  gas  at  a  specific  point.  The  beam  glow  was  measured  using  a 
photo  multiplier  which  was  shielded  against  X  rays. 

Typical  oscillogram  scans  used  in  the  measurements  are  shown  in 
Fig.  11  [9],  Figure  11a  shows  the  change  of  the  injector  accelerator 
voltage,  Fig.  lib  the  change  in  the  total  current  of  the  injector,  Fig.  11c 
a  series  of  oscilloscope  traces  of  the  current  on  the  collector  located  5 
m  from  the  point  of  injection  at  various  background  gas  pressures,  and 
Figs,  lid  and  lie  the  current  picked  up  on  the  ring  probes  located  at 
1.5  cm  and  5.5  cm,  respectively,  at  a  drift  tube  pressure  of  3.4  x  10  5 
Torr. 

The  results  of  the  measurements  on  the  propagation  velocity  of  the 
REB  front  in  a  drift  tube  at  various  pressures  is  summarized  in  Fig.  12 
[9].  The  crosses  (  +  )  represent  the  measurements  made  at  the  point  of 
electron  beam  contact  with  the  inner  wall  of  the  drift  tube.  The  veloci¬ 
ties  were  measured  at  maximum  collector-beam  current  and  are  shown 
in  Fig.  12  for  P  =  10“ 4  Torr  measured  at  0.5  to  8.5  cm  (•)  and  at 
P  =  5  x  10~5  Torr  measured  from  0.5  to  3.5  cm  (  ).  Both  sets  of  data 
show  no  dependence  of  velocity  upon  length  along  the  beam  tube. 
Measurements  made  with  the  photomultiplier  are  shown  by  ®. 

Calculations  were  also  carried  out  in  Ref.  9  in  order  to  obtain  a 
qualitative  estimate  on  the  beam  propagation  process  by  considering 
the  movement  of  the  compensation  front  of  an  axially  symmetric  beam 
through  the  drift  tube  containing  air  or  gas.  The  velocity  of  the  com¬ 
pensation  front,  the  characteristic  length  of  the  front,  and  the  electron 
and  ion  distribution  connected  with  the  movement  of  the  front  have  all 
been  determined. 

The  calculated  values  of  the  compensation  front  velocity,  as  com¬ 
puted  in  Ref.  9,  are  represented  in  Fig.  12  by  a  solid  line.  Earlier  cal¬ 
culations  made  by  researchers  from  FIAN  [14]  for  the  same 
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Fig.  11— Oscillograms  showing  the  REB  propagation  through 
background  gas  [9] 

a  —  injector  voltage 
b  —  injector  current 

c  —  collector  current  for  various  pressures  in  the  drift  tube 
d  and  e  —  current  pick-ups  on  different  drift  tube  wall  probes 
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Fig.  12— Velocities  of  the  electron  beam  propagation  as  a  function  of 
background  gas  pressure  [9] 


experimental  conditions  of  Ref.  9  are  represented  in  the  figure  by  the 
“dash-dot”  line,  showing  good  agreement  even  though  two  different 
physical  models  were  used  for  the  calculations.  One  can  also  note  the 
good  agreement  between  the  calculations  and  the  measurements  of  the 
compensation  front  velocity  at  P  =  10  4  Torr.  At  the  lower  pressures, 
the  discrepancy  between  experiment  and  calculations  becomes  larger, 
probably  due  to  the  Soviet  researchers’  assumed  stance  of  neglecting,  in 
the  theoretical  model,  the  effect  of  the  beam  front  on  the  ions  and 
their  movement.  This  effect,  apparently,  is  more  discernible  in  the 
lower  pressure  range. 

The  VEI  researchers  have  also  included  in  Fig.  12  experimental  data 
points  obtained  by  other  researchers  in  the  pressure  range  of  10  2  to  10 
Torr.  The  work  done  in  1974  by  researchers  from  the  Kharkov 
Physics-Technical  Institute  (KhPTI)  is  shown  by  (A)  for  a  1  MeV,  40 
kA  beam  in  N2  [15],  The  other  experimental  data  were  obtained  by 
Western  researchers:  (x)  -0.4  MeV,  33  kA  beam  through  CH4  [16], 
(□)  -0.5  MeV,  40  kA  beam  through  air  [17],  and  (V)  -0.4  MeV,  50 
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kA  beam  through  air  [18].  The  experimental  data,  in  these  pressure 
ranges,  were  calculated  for  the  case  of  (A)  [15]  by  researchers  from 
FIAN  [14];  they  are  represented  in  Fig.  12  by  the  dashed  line. 

In  1983  an  independent  group  of  VEI  researchers  under  the  leader¬ 
ship  of  M.  A.  Zavyalov,  which  specializes  in  the  development  of  elec¬ 
tron  guns  and  electron  optics  equipment  [19,  20]  investigated  electron 
beam  transport  in  low-pressure  gas  with  conditions  approximating  the 
normal  operation  of  electron  guns  and  injection  systems  [21].  These 
experiments  looked  at  the  plasma  that  is  created  by  the  electron  beam, 
and  the  critical  values  of  beam  currents  and  background  gas  at  which 
point  instabilities  are  initiated.  Limits  were  set  on  the  beam  develop¬ 
ing  the  two-stream  instability.  These  investigations,  however,  were 
carried  out  at  low  beam  energies  (5  to  30  keV)  and  low  beam  currents 
(0.1  to  3  A),  and  therefore  will  not  be  covered  in  detail  in  this  report. 
The  interest  still  lies  in  the  low-pressure  range  (10  1  to  5  x  10  !)  Torr 
and  the  development  of  the  two-stream  beam  instability.  However,  as 
the  electron  beam  energy  is  increased,  the  onset  of  this  instability  is 
pushed  into  the  higher  pressure  range,  which  is  outside  the  scope  of 
this  report. 


IYaF-TPI  EXPERIMENTS 

In  1978,  IYaF-TPI  researchers  [22]  conducted  experiments  on  the 
transport  of  microsecond-pulse  electron  beams  through  low-pressure 
gas  (P  ~  10  4  Torr)  in  the  gas-focusing  regime.  Here  the  coulomb 
repulsion  was  overcome  by  the  forces  due  to  the  beam’s  own  magnetic 
field  in  the  presence  of  space-charge  neutralization  of  the  beam  by  the 
background  ions.  It  was  demonstrated  that,  at  a  pressure  of 
-  10  4  Torr,  the  time  necessary  for  the  accumulation  of  a  necessary 
amount  of  ions  is  relatively  large  (about  1.5  ^s)  [22].  In  order  to 
decrease  this  time  it  was  necessary  to  speed  up  the  ion  accumulation 
process,  which  could  be  accomplished  in  the  following  two  ways:  (1)  by 
increasing  the  pressure  P  in  the  beam  transport  channel  (within  rea¬ 
sonable  limits),  or  (2)  by  covering  the  channel  walls  with  an  insulator 
layer.  Experiments  investigating  the  transport  of  electron  beams  at 
relatively  low  pressures  have  been  made  in  Refs.  22  and  23  for 
microsecond  pulse  lengths  and  in  Ref.  24  for  nanosecond  pulse  lengths. 

The  experimental  apparatus  is  shown  in  Fig.  13  [22]  utilizing  the 
Tonus-2M  electron  accelerator  with  a  coaxial  diode  self-insulating  type 
of  electron  gun.  The  beam  drift  tube  as  well  as  the  electron  gun  were 
maintained  at  a  pressure  range  of  10  4  to  10  1  Torr.  The  electron  gun 
demonstrated  the  most  stable  operation  in  this  pressure  range  for 
microsecond  pulse-length  range. 
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Fig.  13 — Electron  beam  transport  experimental  apparatus  (22] 

1  —  high  voltage  pulsed  generator 

2  —  cathode 

3  —  anode  (drift  tube) 

4  —  acceleration  voltage  metering 

5  —  total  current  shunt 

6  —  faraday  cup 


The  beam  transport  at  the  10  4  to  10  ’  Torr  range  was  experimen¬ 
tally  investigated  up  to  a  distance  of  83  cm  in  Ref.  23  at  an  energy  of 
200  to  250  keV,  with  beam  currents  up  to  10  kA  and  pulse  lengths  of 
1.5  to  2  ms.  The  delay  time  (t^)  of  the  beam  pulse  as  a  function  of 
background  pressure  was  investigated  and  is  shown  in  Fig.  14  [23], 
With  an  increase  of  pressure  from  8  x  10  4  to  2.8  x  10  3  Torr,  the 
delay  time  ta  decreased  from  1.2  to  0.2  ms  (a  factor  of  6).  At  lower 
pressures  this  tj  decrease  is  not  seen  and  changes  only  slightly  with  an 
increase  in  pressure  from  2  x  10  4  to  8  x  10  4  Torr. 

This  can  be  explained  by  the  effect  of  gas  ionization  by  the  back¬ 
ground  gas  ions.  IYaF  explains  this  phenomenon  by  the  fact  that, 
when  the  REB  is  injected  into  the  low-pressure  gas,  a  potential  well  for 
the  ions  is  formed.  The  ions,  oscillating  in  this  well,  provide  an  addi¬ 
tional  ionization  of  the  background  gas.  At  higher  pressures  this  pro¬ 
cess  of  REB  collisional  ionization  increases  but,  at  the  same  time,  the 
potential  well  depth  decreases,  providing  lower  ion  energy  and  lower 
ion  effect  upon  gas  ionization.  Thus,  at  the  lower  pressures  when  both 
factors  are  in  effect,  the  td  curve  demonstrates  a  saturation  (a  plateau) 
and  as  one  increases  the  pressure,  where  the  effect  of  the  ions  upon  the 
gas  ionization  decreases,  the  dependence  of  tj  as  a  function  of  pressure 
exhibits  an  inverse  proportional  relationship,  as  shown  in  Fig.  14  [23]. 
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P  x  10~4  Torr 


Fig.  14 — Beam  current  delay  time  measured  at  the  faraday  cup 
(L  =  32  cm)  as  a  function  of  background  pressure  [23] 


When  an  insulated  wall  channel  is  substituted  for  the  metal  wall,  a 
substantial  decrease  in  td  is  seen  for  electron  beam  transport,  even  at 
pressures  of  2  x  10  4  Torr.  Any  further  increase  in  pressure  has 
almost  no  effect  upon  t<j,  as  shown  in  Fig.  14.  IYaF  researchers  have 
determined  that  a  different  means  of  forming  ions  is  present  when 
transporting  an  electron  beam  through  an  insulated  wall  channel.  An 
ion  cloud  is  formed  due  to  the  ionization  of  the  absorbed  gas  in  the 
insulator  and  due  to  the  ion  emission  from  the  plasma  formed  by  the 
bombardment  of  the  channel  wall  by  the  electron  beam.  The  decrease 
in  td  due  to  the  presence  of  insulator  walls  is  achieved  by  the  accelera¬ 
tion  of  the  ion  formation  process,  speeded  up  by  the  additional  neutral¬ 
ization  effect  of  the  ions  that  are  freed  from  the  insulator.  As  seen  in 
Fig.  14,  at  a  pressure  of  3  x  10  !  Torr  the  presence  or  absence  of  the 
insulated  channel  has  almost  no  effect  upon  the  value  of  td,  which 
means  that  the  beam  achieves  full  charge  neutralization  at  this  pres¬ 
sure. 

The  effectiveness  of  the  beam  transport  in  a  channel  is  demonstrated 
by  plotting  the  ratio  of  the  beam  current  Ib  to  the  total  diode  current  Id 
as  a  function  of  background  pressure,  as  shown  in  Fig.  15  [23]. 

The  data  demonstrate  an  increased  beam  transport  effectiveness  by 
the  introduction  of  the  insulated  wall  channel.  At  low  pressures  of 
2  to  8  x  10  4  Torr,  the  presence  of  the  insulated  channel  increases  the 
Ib/Id  ratio  by  a  factor  of  1.7  due  to  the  increased  ionization.  At  an 
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P  x  10-4  Torr 


Fig.  15 — Ib/ID  ratio  as  a  function  of  background  pressure 
(L  =  32  cm)  [23] 


increased  pressure  of  3  x  10“ 3  Torr,  the  ratio  increases  from  0.6  to  0.7, 
but  at  this  pressure  the  presence  or  absence  of  the  insulated  channel 
no  longer  has  much  effect. 

However,  when  the  beam  transport  was  investigated  as  a  function  of 
beam  transport  distance,  by  observing  the  beam  at  distances  of  32  cm 
and  83  cm  from  the  diode,  strong  defocusing  of  the  beam  was  observed 
at  the  longer  distance  (at  a  pressure  of  3  x  10  4  Torr).  The  introduc¬ 
tion  of  the  insulated  channel  and  an  increase  in  pressure,  however, 
resulted  in  a  marked  improvement  of  the  focusing  of  the  beam  and  a 
decrease  in  the  time  delay  of  the  beam  to  reach  its  target. 

It  was  well  demonstrated  back  in  1972  that  intense  REB  can  be  well 
focused  and  transported  through  neutral  gas  at  pressures  from 
10_1  to  10-2  Torr  [25].  At  these  pressures  the  space-charge  neutraliza¬ 
tion  is  accomplished  by  the  ionization  of  the  background  gas  by  the 
beam  itself. 

Earlier  work  at  IYaF-TPI  on  the  REB  transport  through  gases  at 
low  pressures  was  published  in  1975  [24].  The  experiments  were  car¬ 
ried  out  in  quartz  tubes  8  to  9  cm  in  diameter  and  100  cm  long  using 
1.5  MeV,  30  kA,  50  ns  electron  beams.  In  these  experiments  it  was 
determined  that  the  transport  of  an  intense  REB  through  ionized  low 
pressure  gas  had  a  sharp  dependence  upon  pressure  without  any  exter¬ 
nal  magnetic  fields.  This  dependence  can  be  seen  from  the  experimen¬ 
tal  data  of  Ib  output  as  a  function  of  gas  density,  as  shown  in  Fig.  16 
[24]. 

It  can  be  seen  in  Fig.  16  that  at  the  point  of  insufficient  space- 
charge  neutralization  (represented  by  the  left-hand  side  of  the  curves), 
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Fig.  16— Dependence  of  beam  current  (at  the  output  of  the  drift  tube) 
as  a  function  of  plasma  density  [24] 

o  :  ne  =  6.6  x  1010  cm3,  0.4  MeV,  5  kA,  30  ns 
d  *  9  cm,  B0  =  80  Oe 

x:  ne  «  6.6  x  ’.O10  cm"3,  0.4  MeV,  5  kA,  30  ns 
d  =  9  cm,  B0  =  125  Oe 

V:  ne  =  2.3  x  1011  cm-3,  1.5  MeV,  30  kA,  50  ns 
d  =  8  cm,  B0  =  95  Oe 


the  beam  showed  poor  transport  capability.  At  the  optimum  transport 
pressure,  a  strong  self-focusing  of  the  beam  was  observed  at  the  input 
and  output  of  the  drift  tube  [24].  At  higher  pressures  (as  shown  by  the 
right-hand  side  of  the  curves  in  Fig.  16),  the  transport  efficiency 
decreased  and  the  beam  diameter  was  seen  to  increase  at  the  output  of 
the  beam  tube. 

When  an  external  magnetic  field  was  imposed  upon  the  beam,  the 
transport  efficiency  decreased.  The  Soviet  researchers  explained  this 
phenomenon  by  the  fact  that,  as  the  plasma  density  radial  distribution 
increases  in  non-uniformity,  the  space-charge  neutralization  at  the 
beam  periphery  becomes  insufficient. 

The  researchers  have  shown  that  REB  transport  through  preionized 
low-pressure  gas  can  be  achieved  with  careful  choice  of  background 
pressures. 
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LGU  IONOSPHERIC  MODELS 

Leningrad  State  University  (LGU)  focused  its  research  on  the  IREB 
transport  specifically  at  high  altitudes  above  the  earth  [26,  27],  The 
analysis  involved  the  parameters  of  a  nondivergent  equilibrium  IREB, 
beam  stabilization  by  polarized  ionospheric  plasma,  and  the  effect  of 
electron  concentration,  at  various  altitudes  for  day  and  night  tempera¬ 
tures,  as  well  as  the  effect  of  the  earth’s  magnetic  field.  It  was  demon¬ 
strated  that  in  the  area  of  maximum  electron  concentration  in  the 
ionosphere,  IREBs  can  be  propagated  with  currents  greater  than  1  MA. 
The  analysis  of  beam  self- focusing  due  to  compression  of  background 
plasma  ions  by  the  beam  electric  field  showed  that  the  resulting 
increase  in  current  density  is  limited  by  hose  instability  in  the  beam 
(27). 

Since  the  daytime  electron  concentration  at  a  given  height  varies 
considerably,  the  current  density  of  the  equilibrium  beam  must  also 
vary.  In  addition,  electron  concentration  may  drop  substantially  dur¬ 
ing  the  night  to  a  point  where  the  earth’s  magnetic  field  will  play  an 
equally  important  part  in  stabilizing  the  beam. 

The  authors  considered  a  cylindrical  monoenergetic  IREB  injected 
into  a  rarefied  plasma  parallel  to  the  earth’s  magnetic  field  during  time 
r,  with  an  electron  plasma  density  N  much  less  than  the  electron  beam 
density  vb  (vb  »  N).  The  passage  of  the  beam  causes  a  high  polariza¬ 
tion  of  atmospheric  plasma  because  the  beam  electric  field  removes 
plasma  electrons  from  the  beam  path.  The  plasma  electrons  are 
removed  either  by  the  electric  field  in  front  of  the  beam  or  by  the 
internal  electric  field  of  the  beam  front.  The  analysis  reported  in  Ref. 
27,  involving  highly  localized  flows,  found  only  the  latter  case  to  be 
true,  when  the  beam  pulse  length  r  is  considerably  longer  than  the 
characteristic  time  re  for  the  repulsion  of  the  electrons. 

The  same  analysis  also  showed  that  as  the  plasma  electron  is  dis¬ 
placed  from  the  beam  axis  to  its  boundary,  it  is  accelerated  to  E  =  30  I 
eV,  where  I  is  the  total  beam  current  in  amperes.  From  this  expression 
it  can  be  seen  that,  for  a  beam  current  of  100  kA,  plasma  electrons 
would  be  accelerated  inside  the  beam  to  energies  of  several  MeV. 

In  a  system  were  t  »  re,  the  electric  field  of  the  leading  front  of  the 
beam  forces  out  plasma  electrons  from  the  beam  path,  and  the  space 
charge  of  the  main  body  of  the  beam  is  partially  neutralized  by  the 
positive  charge  of  the  plasma  ion  component.  If,  however,  the  beam 
pulse  length  is  t  «  Tj,  where  Tj  represents  the  characteristic  time 
required  to  compress  the  plasma  ions,  during  the  beam  propagation 
process  the  plasma  ions  remain  unmoved  and  one  can  use  a  partially 
compensated  beam  model  with  stationary  background  ions  [28). 


When  the  beam  pulse  is  r  >  r„  the  background  ions  become  trapped 
in  the  potential  well  of  the  beam,  increasing  the  neutralization  of  the 
beam’s  space  charge  and  the  lateral  limitation  of  the  beam. 

LGU  analyzed  the  specific  case  of  an  TREB  emerging  from  the  injec¬ 
tor  and  propagating  through  high-atmosphere  plasma  without  much 
beam  spreading.  It  was  assumed  for  this  case  that  re  «  r  «  r,. 

Data  on  electron  concentration  in  the  upper  atmosphere  were  taken 
from  the  Canadian  Alouette  satellite  measurements  [29].  These  data 
are  presented  in  Table  1  for  maximum  electron  concentration  Nmax 
during  the  day,  and  minimum  electron  concentration  Nmm  at  night,  for 
altitudes  from  300  to  1030  km. 

LGU  showed  that  the  maximum  current  density  for  an  equilibrium 
beam  at  a  certain  altitude  was  dependent  only  upon  the  local  maximum 
value  of  electron  concentration.  This  beam  current  density  was 
expressed  by: 

j  ~  5.3  x  10  9d  (1  +  2Eb)2N  A  /cm2 

Here,  Eb  is  the  kinetic  energy  of  beam  electrons  (in  MeV),  N  is  the 
electron  concentration  in  plasma,  d  =  v/c,  and  the  beam  injection 
time  is 

r  »  r*q  =  4.4  x  10  *d  1  (1  +  2  Eh)  'N  y-[c] 

The  current  density  of  an  equilibrium  beam  was  expressed,  taking  into 
account  the  geomagnetic  field,  as  follows  [27]: 


Table  1 

ELECTRON  CONCENTRATION  IN 
THE  UPPER  ATMOSPHERE 


Altitude 

(km) 

Nm«x-Cm  " 

Nmin.  cm  :1 

300 

3-  105 

3  •  104 

400 

10s 

2  -  104 

500 

7-  104 

104 

600 

5-  104 

6  •  10" 

700 

3  -  104 

4  •  10' 

800 

2-  104 

3  •  10:' 

900 

2  ■  104 

2  ■  10" 

1030 

104 

8-  10- 

SOURCES:  Ref.  27,  29. 
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jeq  ~  4.5  x  10 -50  (1  +  2  Eb)H2  +  5.u  x  10  9/3  (1  +  2  Eb)2N 

Here,  jeq  is  the  equilibrium  beam  current  density  in  A/cm2,  and  H  is 
the  geomagnetic  field  in  oersteds.  (The  superscript  eq  specifies  an 
equilibrium  beam.) 

The  value  of  electron  concentration  at  an  altitude  of  200  to  400  km 
during  maximum  sun  activity  reaches  3  x  106  cm  !.  Parameters  of  an 
equilibrium  IREB  calculated  for  N  =  3  x  106  cm  1  are  shown  in  Table 
2.  Here,  values  are  shown  for  beam  energy,  Eb,  beam  current  density, 
j*41,  time  required  to  form  space-charge  neutralization,  r|q,  power  den¬ 
sity  of  the  equilibrium  beam,  Peq,  total  beam  current.  ’  for  beam  radii 
of  10  and  100  cm,  and  the  time  required  to  compress  the  ion  plasma 
core,  rfq. 

As  can  be  seen  in  Table  2,  high  values  of  IREB  currents  can  be 
transported  through  the  ionosphere  in  the  area  of  maximum  electron 
concentration.  The  current  in  an  equilibrium  beam  having  a  radius  of 
1  meter  can  be  higher  than  106A  for  an  electron  energy  higher  than  22 
MeV.  The  attainable  power  densities  can  be  higher  than  1  GW/cm2 
for  electron  energies  higher  than  25  MeV  [26], 

LGU  has  also  found  that  various  beam  instabilities  can  arise  during 
self-focusing  of  the  equilibrium  IREB.  If  the  formation  time  of  the 
instability  with  a  certain  wavelength  becomes  less  than  the  self- 
focusing  time,  then  beam  focusing  terminates,  producing  the  given 
instability.  The  Budker  instability  [30,  31]  has  been  considered  in  Ref. 
27,  analyzing  instability  in  the  entir '  space-charge  neutralized  beam, 
including  the  flow  of  positive  ions  and  the  restraining  electro-static 


Table  2 

PARAMETERS  OF  AN  EQUILIBRIUM  IREB  FOR  PLASMA 
ELECTRON  CONCENTRATION  N  •  3  x  10*  cm  ' 


Eh. 

MeV 

r. 

A  /cm2 

<q. 

ns 

p«-M 

MW.  cm" 

•h-  kA 

(R  -  10  cm) 

■h.  kA 

(R  -  100  cm) 

ns 

1 

0.13 

9.1 

0.13 

0.014 

4.1 

1000 

5 

1.9 

2.3 

95 

0.59 

59 

260 

10 

7 

1.2 

70 

2.2 

220 

140 

20 

27 

0.62 

540 

8,5 

850 

70 

30 

59 

0.42 

1800 

18.5 

1850 

47 

40 

100 

0.31 

4200 

33 

3300 

36 

50 

160 

0.25 

8100 

51 

5100 

28 

SOURCES:  Refs.  26,  2' 


forces.  LGU  found  that  the  long-wavelength  instabilities,  with  X  -  L 
(where  L  is  the  length  of  the  beam),  are  the  first  to  arise. 

According  to  LGU,  a  high  current  of  106A  with  a  1  meter  radius  is 
not  readily  obtained  in  practice.  It  is  easier  to  consider  a  nonequilib¬ 
rium  beam  that  expands  to  a  maximum  radius  rmax  -  1  m.  In  one  case, 
LGU  researchers  showed  that  the  nonequilibrium  beam  current 
amounts  to  19.5%  of  the  total  equilibrium  beam  current.  Thus  the 
current  of  nonequilibrium  beams  is  still  large  enough,  reaching  106A  at 
50  MeV  [27], 

LGU  has  also  calculated  the  limit  of  beam  propagation  distance. 
The  analysis  assumed  an  IREB  in  the  plane  of  geomagnetic  equator 
{\p  =  0°  )  at  an  altitude  of  300  km,  beam  energy  of  2  MeV,  beam  radius 
about  1  meter,  with  the  beam  injected  along  pitch  angles  of  a  =  45° 
and  a  =  0°  (along  the  earth’s  magnetic  field).  For  both  pitch  angles, 
the  maximum  distance  of  propagation  (L)  was  less  than  4.3  km. 

In  a  second  case,  a  geomagnetic  latitude  of  =  60°  was  assumed, 
with  all  the  other  parameters  remaining  the  same.  With  lateral  injec¬ 
tion,  L  was  less  than  11  km  for  «  =  0°,  and  less  than  1.5  km  for 
a  =  45°  [27], 

Besides  the  theoretical  work  on  IREB  propagation  at  high  altitudes, 
the  LGU  research  group  was  involved  in  theoretical  analysis  of  beam 
injection  into  plasma  [32],  plasma  dynamics  [33,  34],  and  satellite 
dynamics  studies  [35,  36]. 


IF  AN  LOW  CURRENT  EXPERIMENTS 

A  team  of  researchers  at  the  Physics  Institute  of  Kiev  (IFAN)  has 
published  a  number  of  experimental  papers  on  electron  beam  transport 
through  low-pressure  gas  (10  1  to  10  !  Torr).  This  work,  however,  was 
performed  using  relatively  low  voltages  (up  to  20  kV)  and  currents  (in 
the  mA  and  A  range)  and  therefore  is  mentioned  here  only  in  passing. 

This  IFAN  research  included  the  observation  of  ion  oscillations 
generated  by  the  passage  of  an  electron  beam  in  free  space  [13],  the 
formation  of  quasi-stationary  waves  excited  by  electron  beam  pulses  in 
background  plasma  [37,  38,  39],  phase  focusing  of  a  density-modulated 
electron  beam  [40],  self-focusing  of  a  neutralized  beam  [41,  42,  43],  and 
the  combination  of  electron  and  positive  ion  beams  [44]. 


III.  IREB  PROPAGATION  EXPERIMENTS 
UTILIZING  INSULATED  CHANNELS 


Research  on  the  use  of  insulated  wall  channels  for  the  transport  of 
intense  REBs  at  low  pressures  has  been  recently  carried  out  at  four 
different  institutes:  FIAN,  OIYal,  YeGU,  and  IYaF-TPI.  The 
researchers  at  FIAN,  YeGU,  and  IYaF-TPI  looked  at  the  effect  of  insu¬ 
lated  channels  upon  the  parameters  of  the  beam,  and  the  optimum 
conditions  for  beam  transport  over  long  distances  in  the  background 
gas-pressure  range  of  about  10  ’  Torr.  The  researchers  at  OIYal  con¬ 
centrated  only  on  developing  the  plasma  channel  that  is  formed  inside 
the  insulated  wall  metal  pipe,  but  have  not  yet  published  any  results  on 
the  effect  of  this  channel  on  the  individual  beam  parameters  and  the 
overall  transport  of  the  IREB.  OIYal  researchers  claim  the  develop¬ 
ment  of  an  insulated  channel  with  the  wall  plasma  controlled  indepen¬ 
dently  from  the  REB  that  passes  through  the  channel.  The  plasma 
created  at  the  wall  of  the  insulated  channels  used  by  FIAN  and  YeGU 
researchers  is  created  by  the  beam  that  is  passed  through  the  center  of 
the  channel  and  is  therefore  dependent  upon  the  changing  characteris¬ 
tics  of  the  electron  beam. 

The  research  carried  out  at  IYaF-TPI  on  the  use  of  insulated  chan¬ 
nels  has  been  included  together  with  the  IREB  propagation  studies 
previously  described  in  Sec.  II,  and  therefore  will  not  be  repeated  here. 


FIAN  RESEARCH 

The  earliest  Soviet  research  on  the  IREB  transport  through  insu¬ 
lated  channels  was  done  in  1977  at  FIAN  [45 j.  The  wall  plasma  was 
formed  by  the  passage  of  an  800  keV,  30  kA,  50  ns  pulsed  electron 
beam  through  the  center  of  the  insulated  channel  at  a  pressure  of 
about  5  x  10  5  Torr.  The  experimental  results  of  these  investigations 
are  shown  in  Fig.  17  [45]. 

It  is  seen  from  the  figure  that  with  the  use  of  a  metal  channel,  the 
beam  is  only  35  percent  of  the  injected  beam  at  a  distance  of  5  cm,  and 
is  practically  zero  at  10  cm.  However,  with  the  insertion  of  the  insu¬ 
lated  channel,  the  beam  transport  is  increased  dramatically.  At  the 
end  of  the  channel,  the  beam  pulse  was  found  to  have  a  shorter  pulse 
front  and  a  shorter  pulse  length,  as  demonstrated  by  curve  4  in  Fig.  17. 
At  a  distance  of  10  cm,  the  front  was  observed  to  be  shortened  by  a 
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Fig.  17 — Beam  propagation  through  the  insulated  wall  channel  as  a 
function  of  channel  length  [45] 

Ib 

1  — transport  efficiency  rj  =  through  metal  channel 

Mnj 

2  — transport  efficiency  rj  =  h  through  insulated  channel 


Qh 


3  —charge  transport  efficiency  »>y  =  through  insulated  channel 

Winj 

4  —change  in  pulse  length  of  beam  front 


factor  of  two  and  beyond  it  remained  unchanged.  The  researchers 
stated  that  at  longer  distances  the  beam  keeps  away  from  the  walls  and 
propagates  close  to  the  channel  axis.  With  an  insulated  channel  of  3.8 
cm  inside  diameter,  the  electron  beam  was  about  2.8  cm  in  diameter. 

As  stated  in  Ref.  45,  at  low  pressure  of  the  background  gas,  the  for¬ 
mation  of  the  required  number  of  ions  for  space-charge  neutralization 
of  the  beam  in  the  channel  is  not  possible.  Therefore,  these  ions  must 
be  extracted  by  the  electric  field  of  the  beam  from  the  plasma  formed 
at  the  insulator  wall  of  the  channel.  For  an  injection  voltage  of  400  kV 
the  time  required  for  protons  to  travel  from  the  plasma  to  the  beam 
was  calculated  to  be  2.5  ns,  showing  that  the  time  for  the  ions  to 
penetrate  the  beam  is  sufficiently  short. 

An  experiment  demonstrated  that  the  surface  discharge  on  the  insu¬ 
lator  wall  is  the  prime  mechanism  in  the  plasma  formation.  The  elec¬ 
tron  beam  was  able  to  be  propagated  even  along  bent  insulated 
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channels  without  any  beam  loss.  In  these  experiments,  IREB  trans¬ 
port  through  the  insulated  channel  was  made  possible  by  the  effect  of 
losing  part  of  the  beam  electrons  to  the  formation  of  the  wall  plasma, 
creating  the  condition  for  the  beam  transport.  The  basic  beam  energy 
loss  was  found  to  take  place  at  the  beam  front.  The  shortening  of  the 
pulse  front  can  be  used  for  the  formation  of  beams  with  fast  current 
buildup.  The  beam  focusing  mechanism  in  the  case  of  the  insulated 
channel  was  found  to  be  analogous  to  IREB  transport  through  low 
pressure  gas. 

The  latest  experimental  and  theoretical  research  at  FIAN  on  IREB 
transport  through  insulated  channels  was  made  in  1981  [46]  with  an 
IREB  of  350  to  800  keV  energy  and  beam  current  up  to  100  kA,  using 
the  “IMPUL’s”  accelerator  as  described  in  Ref.  47.  The  experimental 
apparatus  is  shown  in  Fig.  18.  Insulated  channels  used  in  the  tests 
varied  from  5  to  40  cm  in  length  and  2  to  10  cm  in  inside  diameter. 


Fig.  18 — Schematic  of  the  experimental  apparatus  [46] 

1  — cathode 

2  —anode  screen 

3  — current  shunt  of  Rogowski  belt 

4  —return  current  conductor 

5  — insulated  channel 

6  — vacuum  chamber 

7  — faraday  cup 
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Figure  19a  shows  the  effective  beam  transport  efficiency  as  a  func¬ 
tion  of  insulated  and  metal  channel  length,  for  a  channel  with  an 
inside  diameter  of  3.4  cm. 

As  shown  in  the  figure,  the  effective  beam  transport  efficiency  in  the 
insulated  channel  case  is  sufficiently  high,  while  in  the  metal  channel 
the  beam  is  almost  completely  lost  at  a  distance  of  10  cm.  The  output 
beam  current  delay  time  is  dependent  upon  channel  length,  as  shown 
in  Fig.  19b,  and  is  the  same  for  both  insulated  and  metal  channels.  It 
was  also  determined  in  these  measurements  that,  inside  the  insulated 
channel,  an  equilibrium  beam  diameter  is  reached  within  a  few  centi¬ 
meters;  it  remains  constant  along  the  beam  axis  and  is  independent  of 
the  diameter  of  the  injected  beam  (independent  of  cathode  diameter)  as 
demonstrated  in  Fig.  20  [46].  The  equilibrium  beam  diameter  as  a 
function  of  beam  current  is  shown  in  Fig.  21.  Here  the  experimental 
data  are  compared  for  the  case  of  an  insulated  channel  with  theoretical 
calculations. 

The  relationship  of  the  channel  diameter  to  the  input  beam  diame¬ 
ter  was  shown  to  have  an  effect  upon  the  effective  beam  transport. 
The  effective  beam  transport  efficiency  through  a  20  cm  insulated 
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Fig.  19— The  effective  beam  transport  efficiency  Iout/Iin  and  the  output 
beam  current  delay  (  t  )  as  a  function  of  channel  length  [46] 

o  — insulated  channel 

•  — 5  cm  long  insulated  channel  followed  by  metal  channel 
a  — metal  channel  separated  from  the  insulated  insert  by  a  50 
micron  titanium  foil 
A  —metal  channel 
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Fig.  20 — The  IREB  equilibrium  diameter  formation  in  an  insulated 
channel  of  length  L.  Beam  injection  voltage  500  kV,  beam 
current  5  kA  [46J 

Solid  line  — 4.4  cm  diameter  cathode 
Dashed  line  — 2.5  cm  diameter  cathode 


channel  is  plotted  in  Fig.  22  for  different  ratios  of  the  equilibrium 
beam  diameter  to  the  cathode  diameter  (input  beam  diameter).  A 
well-defined  maximum  is  seen  here  for  a  ratio  of  close  to  one  of  the 
specific  equilibrium  beam  diameter  to  input  beam  diameter. 

The  beam  delay  time  and  effective  transport  efficiency  were  found  to 
be  independent  of  the  insulator  material  of  the  channel  walls.  The  use 
of  insulated  channels  made  from  different  materials  (such  as  plexiglass, 
polyethylene,  glass,  and  quartz)  produced  absolutely  no  change  in 
operation.  The  Soviet  researchers  stated  that  the  lack  of  any  effect  is 
due  to  the  plasma  that  is  formed  from  the  adsorbed  layer  on  the  insu¬ 
lator  surface.  The  composition  of  the  plasma,  which  is  primarily  deter¬ 
mined  by  vacuum  pumping  properties,  is  the  same  for  all  of  the  dif¬ 
ferent  channel  inserts.  Thus,  the  insulator  itself  does  not  participate 
in  the  formation  of  the  plasma  and  acts  only  as  a  charged  surface  sup¬ 
port. 

In  the  beam  transport  through  the  insulated  channel,  the  leading 
front  of  the  beam  pulse  was  seen  to  be  lost,  as  demonstrated  in  the 
oscilloscope  trace  of  the  beam  current  pulse  at  the  channel  input  and 
output  (Fig.  23). 
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Fig.  21 — IREB  equilibrium  diameter  as  a  function  of  beam  current  for 
beam  transport  through  an  insuiated  channel  [46] 

— 500  keV  beam 
A  — 400  keV  beam 

Theoretical  calculations:  Curve  1  — y  =  1.5 

Curve  2  — 7  =  2.0 


Fig.  22 — The  effective  beam  transport  efficiency  I„u,/Im  through  a 
20  cm  long  insulated  channel  for  different  ratios  of  the  equilibrium 
diameter  to  cathode  diameter  [46] 
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Fig.  23— Beam  current  pulse  injected  into  the  channel  (top  curve) 
and  at  the  output  of  the  channel  (18  cm  long  and 
3.4  cm  in  diameter)  [46] 


The  minimal  delays  at  short  distances  from  the  anode  were  about  5 
to  10  ns  and  did  not  depend  upon  beam  current,  energy  of  the  elec¬ 
trons,  or  the  channel  diameter.  The  pulse  delay  at  the  exit  of  the 
channel  was  dependent  upon  the  channel  length,  as  previously  men¬ 
tioned  and  shown  in  Fig.  19b. 

Measurements  were  also  made  of  the  ions  flowing  in  the  beam  by 
using  a  faraday  cup  at  the  end  of  the  channel  and  by  deflecting  the 
electron  beam  with  a  transverse  magnetic  field.  The  energy  of  the  ions 
was  measured  by  using  a  time-of- flight  spectrometer,  with  the  first 
spectrometer  collector  (a  steel  70  percent  transmission  screen)  located 
75  cm,  and  a  second  collector  located  100  cm,  from  the  end  of  the 
channel.  The  ion  current  pulses  as  measured  on  the  collectors  are 
shown  in  Fig.  24,  showing  a  spread  in  the  ion  velocities  or  a  multicom¬ 
ponent  composition  of  the  ion  beam.  The  time  delay,  which  depended 
upon  the  diode  voltage,  agreed  well  with  the  time-of-flight  of  protons 
having  energy  equal  to  that  of  the  electron  beam  [46]. 

The  FIAN  researchers  in  Ref.  48  found  that  the  protons  created  in 
the  insulated  channel  had  two  different  energy  ranges.  The  major 
group  had  energy  near  to  or  slightly  less  than  that  of  the  electron 
beam,  and  a  second  group  had  three  to  five  times  the  energy  of  the 
electron  beam.  Their  tests  have  demonstrated,  however,  that  these 
protons  are  accelerated  not  only  within  the  confines  of  the  insulated 
channel,  but  also  beyond  it. 

From  the  analysis  of  equilibrium  relativistic  electron  beams,  the 
FIAN  researchers  claim  that  beam  transport  through  insulated  chan¬ 
nels  is  not  limited  in  beam  current.  However,  in  their  experiments 
they  have  observed  that,  when  using  a  small  enough  diameter  channel, 
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***“*?  current  Pulses  on  collectors  located  75  cm  (top)  and 
100  cm  (bottom)  after  the  insulated  channel;  the  calibration 
frequency  used  is  100  MHz  [46] 


the  beam  filled  the  channel  completely;  and  upon  further  reduction  of 
the  channel  diameter,  there  was  no  observed  increase  in  the  beam 
current  density  One  of  the  possible  limitations  of  beam  focusing  in 
the  insulated  channel  is  the  limitation  of  the  ion  density  emitted  from 
the  wall  plasma.  In  fact,  the  REB  focusing  requires  the  ion  density 
increase  to  be  inversely  proportional  to  the  channel  diameter.  Thus  a 
decrease  m  channel  diameter  requires  a  practically  unlimited  ion  emis¬ 
sion  from  the  wall  plasma.  The  increase  of  this  emission  from  the 
plasma  can  be  accomplished  by  increasing  its  density  and  temperature, 
hich  is  done  by  impinging  an  additional  part  of  the  REB  into  the  wall 
f  the  insulator  channel.  In  order  to  verify  this  postulate,  the  research¬ 
ed™?  e*pe™ents  ^ing  a  600  keV,  80  kA,  1.7  cm  diameter 
electron  beam,  whjch  they  injected  into  a  30”  conical  insulated  channel 
h  an  input  diameter  of  2  cm  and  an  output  diameter  of  0.6  cm.  The 
earn  amplitude  at  the  exit  of  this  channel  was  only  30  kA,  providing 
an  average  current  density  inside  the  channel  of  100  kA/cm2.  Another 
channel,  using  three  separate  insulated  conical  sections,  with  an  input 
diameter  of  5  1  cm  and  an  output  diameter  of  1.7  cm,  was  uaeTS 
comparison.  Results  of  this  experiment  are  shown  in  Fig.  25  [461 
In  the  larger-diameter  case,  the  transport  efficiency  is  seen  to 
increase  dramatically  as  soon  as  the  plasma  due  to  the  electrical 
discharge  at  the  wall  is  formed  and  then  to  fall  off  because  of  the  spac- 
ing  between  the  three  sections  of  the  conical  channel,  n  the  smaller- 
chame  er  case,  the  transport  efficiency  increases  gradually  because  of 

tt,aTeaSe  m  b°!m  CUrrent  introduced  into  the  chamber  wall  and 
thus  the  corresponding  increase  in  temperature  and  emission  from  the 
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Fig.  25 — Effective  beam  transport  efficiency  as  a  function  time  for 
a  conical  insulated  channel  [46] 

•  —2.0  cm  input  diameter,  0.6  cm  output  diameter 
— 5.1  cm  input  diameter,  1.7  cm  output  diameter 


wall  plasma,  finally  reaching  a  maximum  value  at  the  end  of  the 
current  pulse.  It  is  thus  evident  from  these  measurements  that  control 
and  optimum  production  of  the  ion  emission  from  the  plasma  is 
required  for  optimum  neutralization  of  the  REB.  The  FIAN  research¬ 
ers  admit  to  not  fully  understanding  the  mechanism  involved  in  the 
trapping  of  the  ions  by  the  electron  beam  and  the  ion  flow  in  the  direc¬ 
tion  of  the  beam.  They  have  demonstrated,  however,  that  for  efficient 
beam  transport  it  is  necessary  to  match  the  channel  geometry  with  the 
beam  at  the  input  to  the  channel.  This  means  that  the  diameter  of  the 
injected  beam  must  be  close  to  the  equilibrium  beam  diameter.  For  the 
case  of  conical-shaped  channels,  the  angle  of  the  cone  of  the  insulated 
channel  has  to  correspond  to  the  angle  of  the  injected  electron  beam. 

In  1981,  researchers  at  FIAN  also  investigated  the  use  of  an  insu¬ 
lated  channel  with  “needles”  mounted  into  its  inner  surface  in  order  to 
facilitate  surface  breakdown  and  reduce  the  asymmetry  of  surface 
plasma  formation  [48].  These  needles,  fabricated  from  copper  and  2 
mm  in  diameter,  were  placed  at  1  cm  intervals  in  the  inner  walls  of  the 
insulated  channel,  and  were  connected  to  a  copper  liner  on  the  external 
surface  of  the  channel  and  joined  to  the  anode.  The  beam  front  veloc¬ 
ity  in  the  “needle”  channel  case  showed  an  increase  by  a  factor  of  four 
over  the  smooth-wall-channel  case,  reaching  4  x  109  cm/s.  The  beam 
current  transport  efficiency,  however,  was  found  to  be  less  in  the 
needle  channel  case,  probably  because  of  the  absence  of  a  return 
current  inside  the  plasma.  When  there  is  an  absence  of  a  return 
current  in  the  plasma  (since  in  this  case  the  return  current  flows  in  the 
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external  copper-liner  circuit),  there  is  no  additional  heating  of  the 
plasma  and,  therefore,  the  plasma  emits  fewer  ions  [48], 

In  subsequent  tests,  these  researchers  also  investigated  the  effect  of 
different  distribution  of  the  return  current  flow  through  the  insulated 
channel  and  its  effect  upon  the  cross-sectional  shape  of  the  REB.  The 
return  current  was  made  to  flow  through  two-wire  and  four-wire  con¬ 
ductors  near  the  inside  wall  of  the  insulated  channel.  In  the  case  of 
the  return  path  for  two  wires  180°  apart,  the  REB  was  found  to  possess 
a  disk-shaped  cross-section,  demonstrating  quadruple  focusing.  In  the 
case  of  the  evenly  spaced,  four-wire  return  path,  the  REB  was  found  to 
possess  a  star-like  cross-section,  demonstrating  octuple  focusing. 


YeGU  RESEARCH 

The  research  at  YeGU  was  carried  out  in  1981-1982  using  a  400 
keV,  20  kA,  30  ns  electron  beam  injected  into  an  insulated  wall  chan¬ 
nel  at  gas  pressures  of  about  10  5  Torr.  Measurements  were  made  to 
determine  the  effect  of  the  channel  length  upon  the  beam  dispersion 
angle  at  the  output  of  the  channel.  The  dispersion  angle  was  deter¬ 
mined  by  using  quartz  tubes  located  at  different  distances  within  the 
channel  and  by  observing  the  beam  images  formed  on  the  tubes  at  vari¬ 
ous  distances  along  the  beam  path  length.  The  dispersion  was  found  to 
vary  from  45°  at  the  entrance  of  the  channel  to  15°  at  a  distance  of  50 
cm  along  the  beam  length,  as  shown  in  Fig.  26  for  a  channel  diameter 
of  4.2  cm  and  a  beam  current  of  20  kA  at  the  channel  entrance  [49, 
50]. 

Another  series  of  measurements  made  by  YeGU  researchers  was  car¬ 
ried  out  in  order  to  determine  the  optimum  utilization  of  the  insulated 
channel  in  the  passage  of  the  REBs.  Immediately  beyond  the  anode 
grid,  in  these  experiments,  a  copper  tube  was  mounted  in  which  insu¬ 
lating  channels  of  various  lengths  could  be  inserted.  The  insulating 
channel  materials  used  in  these  experiments  were  glass,  quartz,  dacron, 
polyethylene,  and  teflon,  with  channel  diameters  of  4.2  cm  and  wall 
thicknesses  of  about  1  mm.  Sectioned  faraday  cylinders  and  phos¬ 
phorescent  detectors  were  used  to  determine  the  beam  diameter  and 
beam  current  density  along  the  axis  of  the  channels  as  a  function  of 
distance  from  the  anode,  as  well  as  the  distribution  of  the  current  den¬ 
sity  as  a  function  of  beam  radius  at  the  exit  of  the  channel,  as  shown 
in  Figs.  27  and  28  [49]. 

As  seen  from  the  figures  for  a  metal  channel,  the  beam  reaches  a 
minimum  radius  showing  self-focusing  of  the  beam  at  a  distance  of  10 
mm  from  the  anode.  Beyond  this  the  beam  expands;  and  at  a  distance 
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Fig.  26 — Dependence  of  the  IREB  dispersion  angle  upon  the  transport 
length  within  an  insulated  channel  of  4.2  cm  diameter  [49] 


0  ^  8 
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Fig.  27 — Dependence  of  the  beam  radius  (curves  1-3)  and  beam  current 
density  along  the  beam  axis  (curves  4-6)  as  a  function  of  distance 
along  the  channel.  Copper  channel  of  80  mm  length  (1,  4) 
and  insulated  channels  of  80  mm  length  (2,  5)  and 
40  mm  length  (3,  6)  [49] 
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R,cm 

Fig.  28 — IREB  current  density  distribution  along  the  beam  cross- 
section  at  the  output  of  the  transport  channel  [49] 

1  —copper  channel 

2  —insulated  channel,  L  =  80  mm 

3  — insulated  channel,  L  =  40  mm 


of  about  40  mm  from  the  anode,  the  beam  radius  becomes  equal  to  the 
radius  of  the  metal  tube  and  the  beam  current  density  on  axis  drops  to 
1  kA/cm2.  At  the  channel  output  the  beam  is  relatively  homogeneous, 
but  the  total  current  is  only  4  kA. 

When  the  insulated  channel  is  inserted  into  the  metal  channel,  the 
beam  current  density  on  axis  reached  about  5  kA/cm2  and  the  total 
beam  current  at  the  exit  of  the  channel  reached  18  kA,  but  the  current 
density  distributions  along  the  radius  were  quite  inhomogeneous. 

The  use  of  different  insulator  materials  showed  no  observed  effect 
upon  the  REB  propagation,  but  showed  a  marked  effect  upon  the 
operational  lifetime  of  the  insulator  channel.  The  lifetime  (in  relative 
units)  was  determined  as  follows  [49]: 


Material 

Polyethylene 

Dacron 

Teflon 

Glass 

Quartz-glass 


Relative  Lifetime 
1 

3.2 

9 

15 

22 
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The  experiments  as  recently  carried  out  at  YeGU  [49,  50]  have  thus 
demonstrated  the  ability  to  improve  the  beam  propagation  parameters 
by  using  insulated  transport  channels.  By  varying  the  length  of  the 
channels,  it  is  possible  to  control  the  value  of  the  beam  dispersion 
angle.  It  was  also  determined  that,  by  varying  the  length  of  the  insu¬ 
lated  channel  inside  the  conductor  channel,  it  is  possible  to  rearrange 
the  beam  current  density  along  the  beam  radius  and  obtain  a  reduced 
density  (up  to  2.5  times  lower)  that  can  facilitate  the  condition  of 
material  choice  between  the  vacuum  diode  and  drift  space. 

The  most  recent  experiments  on  the  optimization  of  IREB  transport 
through  insulated  channels  was  made  at  YeGU  in  1983  [51]  using  the 
accelerator  as  described  in  Ref.  49  with  a  beam  energy  of  400  keV, 
beam  current  of  20  kA,  and  pulse  length  of  30  ns.  In  these  experi¬ 
ments,  investigations  were  made  into  optimum  choices  of  background 
gas  pressure  and  type  of  gas,  and  details  of  the  construction  of  the 
insulated  channel.  However,  transport  through  the  insulated  channel 
was  carried  out  at  background  air  pressures  from  0.1  to  50  Torr,  which 
is  outside  the  pressure  range  considered  in  this  report.  These  experi¬ 
ments  are  briefly  mentioned  here  since  they  are  a  continuation  of  the 
investigations  made  at  the  low-pressure  range  and  are  of  prime 
interest. 

The  optimum  beam  transport  was  found  at  a  pressure  of  2  Torr  for 
an  insulated  channel  1.2  m  long,  mounted  inside  a  conducting  tube 
that  carried  the  return  current.  This  optimum  beam  transport  was 
observed  for  the  condition  where  the  total  current  had  a  minimum 
value  (here  It  ~  lb  +  Ipi,  where  lb  is  the  beam  current,  and  Ipj  the 
reverse  current  of  the  plasma  electrons). 

The  schematic  of  the  experiment  is  shown  in  Fig.  29  [51]. 

The  results  of  interest  for  air  propagation  are  depicted  in  Fig.  30, 
showing  the  transport  efficiency  Itr/I0  (ratio  of  beam  current  trans¬ 
ported  to  the  beam  current  input  to  the  channel)  as  a  function  of  pres¬ 
sure  [51]. 

As  can  be  seen  from  Fig.  30,  the  use  of  the  insulated  channel 
expands  the  range  of  optimum  air  pressure  towards  the  low-pressure 
end  (0.1  Torr  and  below).  From  these  measurements,  the  YeGU 
researchers  concluded  that  optimum  beam  transport  can  be  achieved 
with  the  use  of  an  insulated  channel  mounted  inside  a  current-carrying 
metal  tube.  Surrounding  the  insulated  channel  by  the  metal  tube 
increases  the  channel’s  capacitance  as  well  as  the  density  of  the  plasma 
formed  at  the  insulator  wall,  and  thus  increases  the  transport  effi¬ 
ciency,  Itr/I0.  The  researchers  mentioned  that  this  same  mechanism 
also  helps  beam  transport  at  the  higher  pressures  because,  owing  to  the 
fast  dissipation  of  the  reverse  current  of  the  plasma  electrons  (1P1),  the 
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Fig.  29 — Schematic  of  the  experimental  apparatus  [51] 

1  — cathode  (diameter  3.6  cm) 

2  —anode  (screen  with  70%  transmission) 

3  — steel  foil  (20  microns  thick) 

4  — copper  tube  (1.3  m  long,  9  cm  diameter) 

5,6  —insulated  channel  drift  tube  components  (1.2  m  long) 

7  — metal  foil 

8  — faraday  cup 

9  — Rogowski  belts 

10  — vacuum  windows  (for  spectral  plasma  observations) 


Fig.  30 — Dependence  of  transport  eificiency  (  Itr/I0  )  upon  background 
air  pressure  for  different  transport  channels  [51] 

1  — metal  channel,  3.6  cm  ID 

2  — insulated  channel,  3.6  cm  ID 

3  — insulated  channel,  3.6  cm  ID  inside  a  return  current 

conducting  cylinder 

4  —insulated  channel,  9.0  cm  ID  inside  a  return  current 

conducting  cylinder 
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beam  current  neutralization  weakens  and  the  beam  expands  to  the 
edges  of  the  channel  walls,  at  which  point  the  wall  plasma  provides 
additional  beam  neutralization.  In  the  higher  pressure  range,  at  the 
optimum  pressure  value  of  about  2  Torr,  the  beam  was  observed  to  be 
localized  close  to  the  beam  axis  and  the  wall  plasma  had  only  a  weak 
effect  upon  the  beam  transport  mechanism. 

The  YeGU  researchers  state  that  the  main  problem  of  beam  trans¬ 
port  at  the  lower  pressure  range  is  the  sharp  increase  in  the  time 
required  to  obtain  beam  neutralization.  For  this  lower  pressure  case, 
they  recommend  further  research  on  the  use  of  a  prepared  high-density 
plasma  for  the  effective  neutralization  of  the  electron  beam. 

Researchers  at  YeGU  also  carried  out  experiments  in  1982  on  IREB 
transport  through  curved  insulated  channels  with  3.3  cm  inside  diame¬ 
ter  and  26  cm  long,  using  a  300  keV,  20  kA,  30  ns  electron  beam  [52]. 
With  a  channel  beam  axis  radius  of  50  cm,  the  beam  current  at  the 
exit  of  the  channel  was  found  to  decrease  by  only  2  percent.  With  a 
channel  beam  axis  radius  of  25  cm,  however,  24  percent  of  the  beam 
current  was  lost. 


OIYal  RESEARCH 

The  research  represented  by  OIYal  involves  the  development  of  a 
plasma  channel  set  up  inside  an  insulated-wall  metal  pipe.  In  1982  the 
OIYal  researchers  demonstrated  the  formation  of  a  homogeneous 
plasma  along  the  surface  of  an  insulated  cylinder  at  pressures  of  about 
10  ’  Torr  [53].  The  wall  plasma  was  initiated  by  having  a  voltage 
placed  on  a  grid  mounted  inside  the  insulated  channel.  This  plasma 
was  found  to  be  very  homogeneous  and  stable  in  the  pressure  range  of 
10  2  to  10  5  Torr,  and  to  be  continuously  controllable  independently  of 
the  electron  beam,  which  was  passed  through  the  center  of  the  channel. 

The  insulated-wall  plasma  channel  has  a  coaxial  construction  with 
the  insulated  channel  inserted  into  a  metal  pipe  and  a  grid  cylinder 
placed  on  top  of  the  insulator  as  shown  in  Fig.  31  [53].  Also  shown  in 
Fig.  31  is  the  experimental  setup  for  the  formation  and  diagnostic 
analysis  of  the  wall  plasma. 

The  plasma  of  the  insulator  wall  was  formed  by  applying  a  pulsed 
voltage  on  the  grid  electrode,  thus  forming  a  discharge  between  the  grid 
electrode  and  the  insulated  channel  surface.  The  mesh  structure  of  the 
spark-initiating  grid  electrode  allowed  the  discharge  plasma  to  fill  the 
volume  of  the  channel. 

The  plasma  was  analyzed  with  the  help  of  a  double  langmuir  probe, 
a  high  ohmage  voltage  divider  (D),  an  integrating  Rogowski  belt  (RB), 
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Fig.  31 — Schematic  diagram  of  experimental  apparatus  [53| 

I — Voltage  pulse  generator 
II — Plasma  channel 

1  — metal  tube 

2  —insulator  channel 

3  —grid  electrode 

P  — discharge  switch 
Bl  — high-voltage  rectifier 
SPG  —spark  pulse  generator 
G5-15  —pulse  generator 
DL  — pulse  delay  line 
D  —high  ohmage  voltage  divider 
RB  —  Rogowski  belt 

photomultipliers,  and  a  series  of  collectors.  The  experimental  investi¬ 
gations  demonstrated  that  in  order  to  maintain  a  homogeneous  wall 
plasma  (characterized  by  an  even  distribution  of  the  electron  concen¬ 
tration  N),  it  is  necessary  to  fulfill  the  following  condition  [53 j: 

W  a  (0.2  to  0.6)S 

where  W  =  energy  in  the  discharge  circuit  (in  joules),  and 
S  =  volume  of  the  plasma  channel  (cm'1). 

With  a  W  of  less  than  0.2S,  it  was  determined  that  the  plasma  pos¬ 
sessed  a  multitongue  structure  and  was  inhomogeneous  in  N.  The  con¬ 
trol  of  W  was  accomplished  by  varying  the  voltage  on  the  capacitor  C 
as  well  as  its  capacitance.  The  value  of  the  electric  field  E  between  the 
grid  electrode  and  the  insulated  channel  wall  was  determined  as  a  func¬ 
tion  of  pressure  (as  shown  in  Fig.  32).  This  E  determines  the  forma¬ 
tion  of  the  homogeneous  plasma  along  the  surface  of  the  insulated  wall 
as  long  as  the  condition  described  above  is  fulfilled. 
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Fig.  32 — Dependence  of  the  electric  field  between  the  grid  electrode 
and  insulated  channel  wall  upon  the  channel  pressure  [53] 


The  dependence  of  the  electric  field  amplification  coefficient  K  upon 
the  metal  grid  wire  diameter  for  different  grid  mesh  sizes  is  shown  in 
Fig.  33  [53]. 

From  a  series  of  measurements  using  a  double  langmuir  probe  and 
oscillograms,  the  distribution  of  the  plasma  electron  concentration  N 


Fig.  33 — Dependence  of  the  electric  field  amplification  coefficient  K 
upon  the  metal  grid  wire  diameter  [53] 

—2  x  2  mm  grid  mesh 
•  — 1.5  x  1.5  mm  grid  mesh 
a — 1  x  1  mm  grid  mesh 
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was  determined  as  a  function  of  time  T  (in  Fig.  34)  and  as  a  function 
of  channel  coordinates  (R,  L,  v>)  (in  Fig.  35)  for  a  pressure  of  10  5  Torr 
in  the  channel,  using  a  polyvinyl  chloride  plastic  as  the  insulator  wall 
material. 

The  dependence  of  N  upon  the  pressure  of  the  background  gas  P  is 
shown  in  Fig.  36  [53]. 

From  inspection  of  the  above  figures,  one  can  see  that  the  formation 
of  the  plasma  is  sufficiently  homogeneous  in  the  electron  component 
concentration  in  the  longitudinal  as  well  as  azimuthal  directions.  The 
weak  dependence  of  N  upon  pressure  demonstrates  that  the  plasma  is 
erosional  in  character,  while  the  primary  incomplete  discharge  along 
the  insulator  surface  has  a  gas-discharge  nature.  The  dispersion  veloc¬ 
ity  of  the  plasma  front  was  determined  to  be  weakly  dependent  upon 
pressure  and  had  a  value  of  2  to  4  x  106  cm/s  for  most  of  the  insulator 
wall  materials. 


Fig.  34 — Distribution  of  the  plasma  electron  concentration  N  as 
a  function  of  time  T  [53] 

— 1,000  joules  energy  in  the  discharge  circuit 
•  — 1,600  joules  energy  in  the  discharge  circuit 
a  — 2,000  joules  energy  in  the  discharge  circuit 
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Fig.  35— Distribution  of  the  plasma  electron  concentration  N  as 
a  function  of  coordinates:  length,  L;  radius,  R;  and  azimuth, 
Energy  in  the  discharge  circuit  equal  to  1,600  joules  [53] 


Fig.  36 — Dependence  of  the  plasma  electron  concentration  component 
N  as  a  function  of  the  background  gas  P  in  a  polyvinyl  chloride 
insulator  channel  with  energy  in  the  discharge  circuit  of  [53]: 

o  — 1,000  joules 
•  — 1,600  joules 
a  — 2,000  joules 


IV.  CONCLUSIONS 


The  available  Soviet  technical  literature  indicates  an  extensive 
Soviet  interest  in  the  transport  of  MeV,  kA  electron  beams  over  long 
distances  in  air  or  other  neutral  gas.  The  effort  level  of  Soviet 
research  in  this  area,  measured  in  terms  of  frequency  of  published 
papers,  appears  to  have  been  increasing  over  the  past  five  years.  The 
published  Soviet  technical  reports  do  not  state  the  intended  application 
of  this  research.  An  exception  is  the  avowed  interest,  expressed  in  one 
theoretical  paper,  in  transmitting  high  power  for  industrial  purposes 
over  distances  on  the  order  of  1000  km.  Some  theoretical  and  experi¬ 
mental  work  performed  under  laboratory  conditions  may  have  been 
aimed  at  solving  beam  transport  problems  within  the  inertial  fusion 
program.  However,  some  research,  and  especially  that  dealing  with 
electron  beam  propagation  in  the  ionosphere,  may  have  military  and 
space  applications. 

The  main  thrust  of  Soviet  research  in  this  area  is  the  attempt  to 
determine  a  gas-pressure  “propagation  window”  that  would  optimize 
beam  transport.  The  materials  analyzed  in  this  report  show  that 
Soviet  researchers  have  considered  all  pressures  from  ultra  high - 
vacuum  to  atmospheric  in  this  task,  and  appear  to  have  singled  out  a 
narrow  range  of  pressures  that  most  of  them  agree  to  be  optimal  for 
IREB  propagation:  10  5  <  P  <  10  4  Torr.  They  find  that  at  pressures 
below  this  propagation  window  the  beam  is  no  longer  neutralized 
because  of  insufficient  presence  of  positive  ions  in  the  beam.  Above 
the  transmission  window,  the  beam  transport  efficiency  drops  because 
of  background  gas  scattering  and  other  effects. 

There  is  a  relatively  large  amount  of  recent  Soviet  research  on  IREB 
propagation  through  this  pressure  range  and  the  related  problem  of 
propagation  at  ionospheric  altitudes  corresponding  to  these  pressures. 
The  Soviet  theoretical  and  experimental  approach  to  these  problems 
also  shows  a  gTeat  deal  of  ingenuity.  The  major  theoretical  effort  was 
applied  to  obtain  a  quasi-equilibrium  IREB,  and  to  derive  an  analytical 
formula  for  its  propagation  through  low-pressure  gas,  taking  into 
account  space  charge  forces,  self-focusing  of  the  beam,  and  the  beam’s 
own  magnetic  field.  The  objective  was  to  obtain  the  most  efficient 
propagation  for  a  maximum  beam  current  at  long  distances. 

At  low  gas  pressures,  IREB  transport  depends,  among  other  things, 
on  an  adequate  supply  of  an  ion  space  charge  for  effective  beam  neu¬ 
tralization.  According  to  Soviet  researchers,  such  a  supply  of  ions  can 
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be  provided  with  the  aid  of  insulated  channels.  By  varying  the  length 
of  the  insulated  channel,  one  can  control  the  dispersion  angle  of  the 
beam  and  the  beam  current  density  and  its  radial  distribution.  The 
Soviet  development  of  a  gridded  insulated  tube  to  obtain  a  cylindrical, 
homogeneous,  stable,  and  continuously  variable  plasma  in  the  pressure 
range  from  10“3to  10  5  Torr  may  be  regarded  as  a  model  of  the  ion 
focusing  mechanism  that  operates  in  low-pressure  beam  channels  in 
gas.  The  insulated  tube  is  claimed  by  the  Soviets  to  be  a  good  method 
of  controlling  plasma,  making  plasma  independent  of  IREB  parame¬ 
ters,  and  thus  representing  a  new  tool  for  IREB  propagation. 
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